This paper reviews micromachined tunable metamaterials, whereby the tuning capabilities are based on the mechanical reconfiguration of the lattice and/or the metamaterial element geometry. The primary focus of this review is the feasibility of the realization of micromachined tunable metamaterials via structure reconfiguration and the current state of the art in the fabrication technologies of structurally reconfigurable metamaterial elements. The micromachined reconfigurable microstructures not only offer a new tuning method for metamaterials without being limited by the nonlinearity of constituent materials, but also enable a new paradigm of reconfigurable metamaterial-based devices with mechanical actuations. With recent development in nanomachining technology, it is possible to develop structurally reconfigurable metamaterials with faster tuning speed, higher density of integration and more flexible choice of the working frequencies.
Introduction
Metamaterials are artificial materials with rationally designed sub-wavelength structures, such as split ring resonators (SRRs) [1] [2] [3] , arrays of sub-wavelength wires [4] [5] [6] , fishnet structures [7] [8] [9] [10] etc. These sub-wavelength structures, which can be designed to exhibit strong coupling through the electric component or/and magnetic component of the incident electromagnetic waves, may lead to unique properties, such as negative refractive index [11, 12] , perfect absorption [13] , sub-wavelength focusing [14, 15] etc. Metamaterials are ideal functional materials, which have promising applications, such as optical cloaking [16, 17] , perfect absorbers [18, 19] , superlenses [20] etc [21, 22] . However, many applications of metamaterials are hampered by the lack of tuning capabilities and limited working bandwidth, which are mainly due to the resonance nature of the sub-wavelength structures. Recent studies on active and tunable metamaterials [23] show vast approaches, e.g. controlling the optical properties of metamaterials via external excitations [24] , to realize metamaterial devices, where the tunable metamaterial elements bring tunable, switchable or nonlinear functionalities and responses.
Tunable metamaterials refer to metamaterials with tunable responses to the incident electromagnetic waves. The interaction between the tunable metamaterials and the incident waves can be controlled, so that the transmission, reflection and absorption of the incidence can be tuned according to the needs. There are many approaches to make metamaterials tunable, such as changing the electromagnetic properties of the substrates, adjusting the lattice of the metamaterials and changing the geometry of the metamaterial elements etc. In general, tunable metamaterials can be divided into two major categories. One is based on changing the effective electromagnetic properties via various nonlinear effects in the resonators [26, 30, [37] [38] [39] [40] [41] [42] [43] or substrates [24, 25, 27-29, 31-33, 35] . The other is based on structural reconfiguration, such as changing the lattice [44, 50] , reshaping the structural elements [45, 46] , rotating the elements [47] [48] [49] or bending the substrate or lattice [34, 36, [91] [92] [93] . The geometry changes of the metamaterial microstructures are often induced by mechanical shifting or deformation of the metamaterials. Tunable metamaterials based on nonlinear media rely on the tuning of the constituent materials or the changing of the surrounding media, which are highly dependent on the nonlinear properties of their constituent materials. Many nonlinear materials, such as liquid crystals [51, 52] , phase change materials [53] , III-V semiconductors [54] etc, are available for laboratory demonstrations and some of them are possible candidates for mass fabrications of the tunable metamaterials. The tuning capabilities of structurally reconfigurable metamaterials depend on the structural reconfiguration, and some of them are compatible with the mature complementary metal-oxide-semiconductor (CMOS) fabrication technology [45, 46] .
The mechanical tuning of the metamaterials requires a controllable actuation of the sub-wavelength structures and often results in a slow response time. For example, a typical micromachined structure has a size of 1-100 mm and the actuation time is more than 100 μs, which means that the working frequency of micromachined tunable metamaterials is within the terahertz (THz) region and the response time is sub-milliseconds [55] . The response time to the excitations of the nonlinear medium, such as the free carrier induced refractive index change, can reach sub-picoseconds [56] . In this review, recent progresses on micromachined metamaterials are categorized via their tuning mechanisms. Then, discussions on their merits and constraints are given, followed by conclusions and prospects for micromachined tunable metamaterials.
Electro-mechanical tunable metamaterials
Electric field applies forces to any charged stationary or slow-moving object within, which has been known as the electrostatic force since Maxwell's era. The electrostatic force is ideal for noncontact actuation, which is, however, seldom used to move bulk materials. One of the main problems of the electrostatic effect is that it decreases with the square of the distance between the two charged bodies. On the microscopic scale, however, this is a huge advantage because the distance between the charged objects is very small (down to several microns). Therefore, electrostatic force is the most widely used in the micromachined actuators, which are also applied to tunable metamaterials working in the GHz and THz region.
GHz electro-mechanical tunable metamaterials
The most straightforward way to use electrostatic forces for actuation is to apply voltage to two parallel micromachined electrodes, which has been widely used in the realization of GHz reconfigurable micromachined devices [57] [58] [59] [60] [61] [62] . In the pioneer works on micromachined metamaterials, electro-mechanical actuations were applied to right/left handed transmission line (CRLH-TL) structures to realize their tuning capabilities [59, 60] , which are strongly desirable in modern microwave systems. Compared with metamaterials relying on the resonances of geometrical structures such as fishnet structures and split ring resonators, the CRLH-TL is an inherently wideband structure, which can be used for broadband phase shifting [63, 64] . The CRLH-TL was well studied in the early stage of metamaterials research, and different one-dimensional devices based on this principle, such as leaky-wave antennas, used in series feed network of antenna arrays [65, 66] and compact dual-band couplers [67] etc, have been demonstrated.
Later, the electrostatic force was applied to planar metamaterials to achieve tuning capabilities [68, 69] . Reference [69] reports recent research on tunable high-impedance metamaterial surfaces designed for millimeter-wave beam steering. Tunable wideband beam steering structures have possible applications, such as 76-81 GHz automotive radar, 94 GHz to beyond 100 GHz reconfigurable point-to-point communication links etc. These high-impedance surface arrays potentially enable vast applications in free space devices working on radio frequency by a single reflective chip, such as power-splitters, switches, phase shifter line arrays, antenna arrays etc.
THz electro-mechanical tunable metamaterials
The dependences of the metamaterials' EM properties on the geometries of the elements have been intensively discussed based on both theoretical analyses and experimental characterizations [70, 71] . However, the realization of the tunable metamaterials by tuning the geometries of the metamaterial elements is difficult once the metamaterials are fabricated. Recently, it has been reported that siliconbased micromachined structures can be applied as a platform to control the relative position of the metamaterial elements [45, 46, 72] , which makes it possible to transform the element geometry from one to another. Real-time tuning of the magnetic response of metamaterials is experimentally demonstrated by reshaping the metamaterial elements, which are the fundamental building blocks of the metamaterials as shown in figure 1(a) [45] . An array of 400 × 400 split ring resonators is fabricated by using the silicon micromachining technology. In the experiment, it measures a tuning of the effective permeability from negative (−0.1) to positive (0.5) at the resonant frequency 2.05 THz. The micromachined reconfigurable metamaterial elements are different from previously reported nonlinear or tunable metamaterial elements, which show only the resonant frequency shift due to the external excitations. The structurally reconfigurable metamaterial elements can be transformed from one geometry to another, e.g. from '[ ]' shape to 'I' shape in [45] , which can extinguish the existing resonance mode and results in a large tunability in the EM properties. Figure 1 . Schematic diagrams of THz tunable metamaterials with (a) micromachined reconfigurable split ring metamaterial element [45] and (b) micromachined lattice reconfiguration [72] .
Besides the structural reconfiguration of the metamaterial elements, the tuning capabilities of metamaterials can also be realized by changing the lattice constant of the microstructures. A recent work on tunable metamaterials experimentally demonstrated a change from a polarization dependent state to a polarization independent state in THz metamaterials as shown in figure 1(b) [72] . This is accomplished by reconfiguring the lattice structure of the metamaterials from a twofold to a fourfold rotational symmetry using micromachined actuators. In the experiment, it measures the resonance frequency shift of 25.8% and 12.1% for TE and TM polarized incidence, respectively. Furthermore, single-band to dual-band switching is also demonstrated. Compared with the previously reported tunable metamaterials, lattice reconfiguration promises not only a large tuning range but also a change of polarization EM waves, which can be used in the photonic devices such as sensors, optical switches and filters. It shows a strong engineered optical anisotropy with large tuning capabilities in THz region. Any structural tuning invokes severe near-field effects when the elements are not sufficiently sub-wavelength [73] . Specifically, the tuning capabilities of micromachined metamaterials arise from the changing of near-field interaction between the metamaterial elements by mechanical actuation. The typical period of the micromachined metamaterial element is tens of micrometers. Therefore, the working frequencies of such tunable metamaterials are within the THz region. The response time of the micromachined metamaterials is typically hundreds of microseconds, which can be applied to many tunable devices where high speed modulation is not essential. With the development of nanoelectromechanical systems, the period of the tunable metamaterials can be scaled down to hundreds of nanometers [74] . None of the electro-mechanical tunable metamaterials has been demonstrated to work in the optical region so far, which is due to the difficulties of realization of nanometer electro-mechanical actuation limited by the thermo-and electro-instabilities.
Thermo-mechanical tunable metamaterials
All solid materials are sensitive to temperature variations. The sizes of most solid materials tend to expand when their temperatures are increasing. This property can be used in micromachined device design to actuate tunable metamaterials. Limited by the thermo-expansion coefficient of most solid materials, the thermo-mechanical actuation is unlikely to be larger than hundreds of microns. Considering a few microns' actuation or less, thermal heating is both easy and efficient in terms of the power consumption, which makes it very useful to realize thermo-mechanical tunable metamaterials working in the THz region or above. Figure 2 shows recent research on THz thermo-mechanical tunable metamaterials [36, 75] , where each unit cell consists of an SRR on a free-standing 400 nm thick layer of silicon nitride and is connected to a supporting substrate by two bi-material cantilever arms. The tunable metamaterials do not have resonant response to the normal incident THz waves, when the SRRs lie in the plane of the substrate. However, the cantilevers bend upwards as the temperature is increasing. The magnetic field can penetrate through the SRRs and drive the magnetic resonance. The insets show the SEM pictures of the fabricated bi-material cantilever metamaterials lying in-plane and bent upwards out of the plane of the substrate at different temperatures. A strong magnetic resonance is evident from the transmission and reflection spectra of the out-of-plane SRRs. These results highlight the possibility of creating reconfigurable metamaterials potentially leading to dynamically reversible refractive index structures or thermal detectors amongst many other possibilities.
THz thermo-mechanical tunable metamaterials

Photonic thermo-mechanical tunable metamaterials
Reconfigurable photonic metamaterials (RPMs) operating in the visible and near-infrared parts of the spectrum are demonstrated by the development of components and thermo-mechanical actuators operating on the scale of a few tens of nanometers [34] . Figure 3 shows the schematic diagram and SEM graph of the RPMs using bi-material thermoactuation. Photonic thermo-mechanical tunable metamaterials using RPM nanostructures based on nanometer metal-dielectric films provide a generic platform for achieving large-range continuous reversible tuning of metamaterial working at infrared frequency. The coupling between the metamaterial elements leads to a reconfigurable change of the metamaterial's transmission at infrared frequency of up to 50%, which is achieved by placing metamaterial elements on a thermally reconfigurable bi-material scaffold.
Other mechanical tuning methods
Other mechanical tuning methods, such as magnetomechanical tuning and opto-mechanical tuning, have not been experimentally demonstrated in the research of micromachined tunable metamaterials. Their potential applications in tunable metamaterials are discussed in this review. Furthermore, flexible metamaterials, which are tunable metamaterials with structural reconfiguration, are also discussed.
Magneto-mechanical tuning
Reference [76] shows a recent theoretical work of the magneto-mechanical tunable metamaterial element working in the THz region. The micromachined cantilevers used to tune the metamaterial are actuated by the force generated by an external field on the magnetic material coating on the surface. The proposed tunable metamaterial has field induced nonlinearity, which is possible to realize using current micromachining technologies. Magnetic actuation of single end fixed cantilevers in micromachined devices has been studied and demonstrated before [77, 78] . In additional to translation, the magneto-mechanical actuators can be used to rotate the micromachined structures [79, 80] . This may be useful in making micromachined tunable metamaterials with rotational metamaterial elements.
Opto-mechanical tuning via optical force
Silicon-based micromachined actuators driven by electrostatic force are widely used for micro-scale actuating, which has sufficient resolution for micromachined tunable metamaterials working in the THz region or below. However, electromechanical actuators have limitations in terms of nanoscale displacement control, resolution and tuning speed etc [81, 82] . Meanwhile, in those electro-mechanical actuators (e.g., parallel plate-plate and comb-drive actuators), the actuation force is proportional to the capacitance between the two plates connected to the electrodes. The plate overlapping area will be reduced dramatically and will result in insufficient electrostatic force to drive the actuator, when the dimension of the plate is scaled down from micrometers to nanometers. Furthermore, the electronic and thermal noise may degrade the performance of the electrostatic force causing the instability of the actuation. Therefore, it is difficult to use electro-mechanical actuators for nanometer actuations. Optical force, however, shows promising potential in the applications of nanoparticle trapping and manipulation [83] [84] [85] as well as optomechanically driven nanostructures [86] [87] [88] [89] . Figure 4(a) shows the SEM graph of the opto-mechanical actuator, which is driven by optical gradient force. The actuation distance δ and the transmission coefficient K as a function of the input optical power are shown in figure 4(b) [74] . The nanometer actuation of 200 nm released beams has been demonstrated in this work, which shows the possibility to scale down the micromachined tunable metamaterial elements to a few hundred nanometers. It can be expected that opto-mechanical tunable metamaterials working in the optical spectrum range will be demonstrated in the near future.
Flexible substrate metamaterials
Flexible substrates have been intensively reported in the implantation of micro-scaled electronic devices into surfaces with complex shapes. However, most works on flexible substrate microelectronic devices are focused on how to realize the integrated circuits that have the same electrical properties as the conventional, rigid wafer-based technologies yet with the ability to be deformed into arbitrary shapes. Figure 5(a) shows the SEM graph of a silicon circuit mesh on the surface of a polydimethylsiloxane (PDMS) flexible substrate. The bending effects induced by the soft substrate are reduced by the soft connection between adjacent microelectronic devices [90] .
Later, the flexible substrates are applied to the tunable metamaterials in order to achieve large tuning capabilities by distorting the metamaterial element [91] [92] [93] . Mechanical deformation of elastomeric substrates has been used to induce resonance frequency shifts in nanophotonic structures, such as nanoparticles and gratings. Figure 5(b) shows an example of tunable metamaterials patterned on a PDMS substrate using nanostencil lithography, which enables nanopatterning on flexible substrates in a single fabrication step [94] . Recently, tunable metamaterials with flexible substrates have been intensively reported, which not only can be applied on large scale, transparent and portable photonic devices for strain and chemical/biological sensing but also on thin film coating technologies.
Fabrication technologies
Generally speaking, there are two technologies often used in the fabrication of micromachined structures: one is bulk micromachining technology and the other is surface micromachining technology. Bulk micromachining defines structures by selectively etching inside a substrate, while surface micromachining builds microstructures by deposition and etching of different structural layers on top of the substrate. Bulk micromachining creates microstructures within the substrates, while the surface micromachining, in contrast, grows the microstructures on the top of the substrates. In the fabrication process of micromachined tunable metamaterials, the pattern of the metal structures often involves surface micromachining, while bulk micromachining is often used to fabricate the supporting substrate, which can be mechanically actuated by external excitation.
Bulk micromachining technology
Bulk micromachining starts with a silicon wafer or other substrate, which is selectively etched according to the pattern defined by the photoresist (PR) [95, 96] . Similar to surface micromachining, bulk micromachining can be performed with either wet or dry etches. The wet etch results in tilted side walls, with the angle being a function of the crystal orientation of the substrate because certain planes have weaker bonds and are more susceptible to etching. However, the tilted side walls will induce unwanted near-field interactions between the supporting structures, which must be avoided in most designs of tunable micromachined metamaterials. Therefore, dry etch is often used in the fabrication of the supporting structures for micromachined tunable metamaterials. Figure 6(a) shows the process flow for the fabrication of the supporting structures using the reactive ion etching technology. The supporting structures of the tunable micromachined metamaterials are fabricated by the deep reactive iron etching (DRIE) process using inductively coupled plasma deep etching systems. This process has three major steps. Firstly, the hard mask is patterned to etch the structure of the comb drive and the supporting frame of the metamaterials. Then, the DRIE etching is applied through the device layer while the metal patterns are protected by the patterned PR layer. To prevent notching at the bottom of the wide trenches, plasma-enhanced chemical vapor deposition is then employed to cover the top surfaces, bottoms and sidewalls of the etching trenches. The notching effect is carefully minimized for the coupling of the adjacent semi-squares of the unit cells. The final step is to free the movable structures using wet release with buffered oxide etchant. The micromachined metamaterial supporting structures reported recently [45, 46] have a minimum feature of 3 μm, which is far from the limitation of the micromachining technology. Nanostructures using the DRIE process have recently been reported to have released a clamp beam with 200 nm width [74] , which can be used as a supporting structure for micromachined tunable metamaterials working in the infrared region.
Surface micromachining technology
Surface micromachining is the fabrication of microstructures by deposition and etching of different structural layers on top of the substrate [97] [98] [99] [100] . Two types of layer are deposited on the surface of the substrate. One is the structural layer, which is etched according to the pattern of the structures. The other type of layer is the sacrificial layer [101] , which is released after the patterning of the structures to create the void for the micromachined structures. Generally speaking, polysilicon and silicon dioxide are often used as the structural layer and the sacrificial layer, respectively. All the layers are generally very thin with their size varying from 2 to 5 μm. The main advantage of this surface machining process in the fabrication of micromachined metamaterials is the possibility of realizing microstructures in which the metal and the supporting structures are built in on the same substrate. In most cases for pattern metal parts for the substrates of metamaterials, the sacrificial layers are not necessary and the process flow has three major steps as shown in figure 6(b) . Firstly, a metal film is deposited on the substrate using sputtering [102] or electron beam evaporation [103] . Then, Figure 5 . (a) SEM of a silicon circuit mesh on the surface of a PDMS flexible substrate [90] . (b) Schematic diagrams of tunable metamaterials with stretchable and flexible PDMS substrate reported by [94] .
the PR is deposited on the substrate to define the pattern of the metal structures. Finally, the metal film is etched using different technologies, such as DRIE [104, 105] , electron beam lithography [106] etc.
Conclusions
In the present review, recent progress on micromachined tunable metamaterials is presented. The micromachining technology is a promising approach for tunable metamaterials in the THz and below for large tuning capabilities, where high speed modulation is not necessary. No micromachined tunable metamaterials are reported to work in the infrared and higher frequency region, which is mainly due to the difficulties in achieving the sub-wavelength actuation. Recent research on opto-mechanical actuation at the nanometer scale shows a possible breakthrough, which may be used to further scale down the micromachined tunable metamaterials and enhance the tuning speed. Micromachined tunable metamaterials may find potential applications in transformation optics devices, sensors, intelligent detectors, tunable frequency-selective surfaces, spectral filters and other tunable photonic devices.
